Abstract The wide surgical tumour resection is the only effective treatment in chondrosarcoma. However, a major problem remains the high rate of local recurrences and metastases due to the lack of adjuvant therapies. In this study the cytotoxic effect of the bisphosphonate clodronate (0.1-1000 μM) and zoledronate (0.1-1000 μM) in different concentrations on two chondrosarcoma cell lines (HTB-94 and CAL-78) has been investigated. After an incubation period of 48, 72 and 96 hours the chondrosarcoma cell viability was measured as the MTT-proliferation rate. In concentrations of >1 μm zoledronate the cell activity was reduced by up to 95% for the CAL-78 cells. Further, zoledronate has been more effective in lower concentrations than clodronate in the reduction of cell viability for both cell lines. However, clodronate showed significant cytotoxic effects in high concentrations and after longer incubation periods. Further research is necessary, but in the light of these results bisphosphonates may also play a role in the treatment of chondrosarcomas.
Introduction
The chondrosarcoma is the second most common primary malignant bone tumour. These tumours appear mainly in elderly patients. In contrast to other primary malignant bone tumours such as osteosarcoma or Ewing's sarcoma, no effective adjuvant chemotherapy exists. The wide tumour resection according to Enneking is still the only effective treatment for these tumours [1] . Therefore, particularly for the group of high grade chondrosarcoma, high rates of local recurrence (>30%) and metastasis (>40%) are reported. This fact worsens the prognosis of these patients. Five-year overall survival rates of less than 50% are common in high grade chondrosarcoma [1, 2] . To improve the prognosis of these patients new therapy methods are needed. Bisphosphonates are an important class of drugs with a broad spectrum of clinical use in patients suffering from different solid tumors such as breast and lung cancer or multiple myeloma. In these patients bisphosphonates have been successfully used in the treatment of hypercalcemia and to reduce skeletal-related events [3] [4] [5] [6] .
The effects of bisphosphonates are related to different cellular and molecular modes of action. The non amino bisphosphonates, lacking a nitrogen atom in the R2 side chain (e.g. clodronate), are metabolically incorporated into non-hydrolysable analoges of the ATP, thereby inhibiting the ATP-dependant enzymes. Bisphosphonates containing a nitrogen atom within the R2 side chain act by inhibiting the farnesyldiphosphate synthase, an important enzyme in the mevalonate pathway. Inhibition of this enzyme prevents the synthesis of its metabolic products which are required for the prenylation of small GTPases. Besides the inhibitory effects on osteoclasts and antiangiogenetic effects there is recent evidence that bisphosphonates have a direct cytotoxic effect on different tumour cells [7] [8] [9] .
In this study we use an in vitro approach to investigate the effect of two bisphosphonates (clodronate, zoledronate), widely used in clinical oncology, on the chondrosarcoma cell lines HTB-94 and CAL-78.
Material and methods

Reagents
The biphosphonates clodronate (dichloromythelene bisphosphonate) and zoledronate were used. Stock solutions of biphosphonates and 3-aminopropyl phosphonate were prepared in phosphate buffered saline (PBS), adjusted to pH 7.4 and sterilised by filtration.
Other chemicals and reagents were of analytic grade.
Cell lines and culture maintenance
The chondrosarcoma cell line used, CAL-78, is a cell line from the recurrence of a high grade (grade III) chondrosarcoma from a 76-year-old man. The HTB-94 chondrosarcoma cell line derives from a human grade II chondrosarcoma of the humerus.
The cells were cultured in RPMI 1640 medium supplement with 2 mM l-glutamine, 100 U/ml penicillin G, 100 μg/ml streptomycin, 0.25 μg/ml amphotericin B and 10% foetal calf serum in a humidified atmosphere of 5% CO2 at 37°C.
Cell viability assay
The MTT assay was used to measure the cytotoxicity. Cells were grown in 96-well tissue culture plates coated with collagen. In each well 5,000 cells were seeded in 100 μl RPMI 1640 medium. Cells were allowed to attach to the collagen matrix and to resume exponential growth before 100 μl of complete cell culture medium containing the drugs at different concentrations was added. Five concentrations of each bisphosphonate ranging from 0.1 to 1000 μM were tested. After 48, 72 and 96 hours, 20 μl of the MTT reagent (5 mg/ml MTT dissolved in phosphate buffered saline, pH 7.4) was added and incubated for another three hours. Metabolically active cells cleaved the yellow tetrazolium salt to a purple formazan dye. The formazan crystals were dissolved and the solution was quantified spectrophotometrically at a wavelength of 560 nm using a microplate reader. Four replicates were performed for each passageway.
Statistical analysis
The statistical analysis was performed with the SPSS program (SPSS Inc., Chicago, IL, USA). For calculation of the data the Wilcoxon test was used.
Results
Sensitivity of HTB-94 to clodronate
After incubation periods of 48, 72 and 96 hours only slight effects on the tumour cells were observed in lower concentrations. In high concentrations of 1000 μM at incubation periods of 72 and 96 hours, a reduction of the cell viability to 75.35% and 60.19%, respectively, compared to the untreated control cultures was observed. These reductions were statistically highly significant (p<0.01). In lower concentrations the effect of clodronate on the HTB-94 cells was less pronounced (Fig. 1) .
Sensitivity of HTB-94 to zoledronate
In this series the effect of zoledronate on the grade II chondrosarcoma cells was observed. In contrast to clodronate, the zoledronate led to a much more pronounced reduction of the cell viability compared to the untreated control. In concentrations of 10 and 100 μM after incubation periods of 48, 72 and 96 hours, a statistically significant reduction of the viable cells compared to the control was observed. In concentrations of 100 and 1000 μM even after 48 hours of incubation the cell viability was statistically reduced (p<0.01) to 57.5% and 47.9%, respectively (Fig. 2) .
Sensitivity of CAL-78 to clodronate
The G III chondrosarcoma cells showed a comparable reaction to clodronate as the HTB-94 cells. After an incubation period of 48 hours a significant reduction of the chondrosarcoma cell proliferation activity was observed at 1000 μM only. Statistically significant reductions (p<0.05) of the cell viability (38.9% and 51.4%) were observed after 72 hours (1000 μM) and 96 h (1000 μM), respectively. After an incubation period of 48 hours and in concentrations of and below 10 μM at any incubation period, only slight effects were seen (Fig. 3) .
Sensitivity of CAL-78 to zoledronate
For the CAL-78 cells the cytotoxic effect of zoledronate was much more pronounced in lower concentrations and after a shorter incubation period compared to clodronate. After an incubation period of just 48 h with a concentration of only 10 μM the cell viability was reduced to 51% compared to the untreated controls. After 72 hours of incubation this value was achieved even in concentrations of 1 μM of zoledronate. In higher concentrations (100 and 1000 μM) a cell viability reduction of more than 40% was detected even after 48 hours. After 96 hours the chondrosarcoma cell viability was reduced to less than 10% compared to the untreated control group for concentrations of 1-1000 μM (Fig. 4) . Even in a concentration of 0.1 μM the cell viability was reduced to 58% compared to the control after 96 hours. Furthermore, all values after an incubation period of 96 hours in any concentration were statistically significant (p<0.05) or highly significant (p<0.01).
Discussion
Bisphopshonates are used successfully in the treatment of patients suffering from different malignant metastatic diseases to reduce skeletal-related complications of bone metastases [10] .
In addition, there is evidence that bisphosphonates have direct antitumour effects on diverse tumour cells. In in vitro and in vivo studies these effects of bisphosphonates on multiple myeloma cells, prostate cancer, breast cancer or lung cancer cells have been proven [3, [11] [12] [13] . In most of these studies the bisphosphonates act by inducing apoptosis and/or cytostasis in the tumour cells. Additionally, in vitro data suggest that bisphosphonates inhibit angiogenesis in tumour cells, and cell migration and cell invasion in breast cancer and prostate cancer cells [14] [15] [16] [17] .
Nevertheless, little information exists about the effect of bisphosphonates on primary bone tumours. Sonnemann et al. reported on the cytotoxic effects of clodronate and pamidronate on osteosarcoma and further on Ewing's sarcoma cells [18, 19] . In these studies they reported a dose-dependent reduction of the sarcoma cell viability with increased concentrations of clodronate (50-1000 μM) and pamidronate (50-1000 μM). Though, the N-bisphosphonate pamidronate was significantly more effective than the non-amino-bisphosphonate clodronate. These results were comparable to the results achieved in our study. In this study the non-amino bisphosphonate clodronate showed significant effects after a long incubation period (>72 h) and in high concentrations (100-1000 μM) on the chondrosarcoma cells only, whereas the aminobisphosphonate zoledronate showed a significant cell viability reduction even after short incubation periods and in low concentrations (0.1-10 μM) for both cell lines. Interestingly, the cytotoxic effect was much more pronounced for both the clodronate and the zoledronat on the grade III cells. We attribute this to the fact that the high grade tumour cells have a higher proliferation activity than the grade II cells and therefore are more sensitive to the bisphosphonate cytotoxic effect. This is in concurrence with the results of Sonnemann et al. Their results with the high grade osteosarcoma and the highly proliferative Ewing's sarcoma are more comparable to the results of the CAL-74 cells than to the HTB-94 cells. However, in particular, zoledronat showed a significant cytotoxic effect even on the less proliferative grade II cells HTB-94. Therefore, we think that clinically, even in intermediate grade chondrosarcoma, bisphosphonates may be helpful in the prevention of local recurrences or metastases in view of the observed cytotoxic effect.
Regarding the fact that the amino-bisphosphonate zoledronat was more effective than the non-aminobisphosphonate clodronate, one should consider that in various clinical studies of the role of oral therapy in cancer patients, both kinds of bisphosphonates led to significant effects with regard to the reduction of skeletal related events (e.g. pathological fractures, bone pain) [20] [21] [22] . Diehl et al., for example, reported of 157 patients with primary breast cancer and tumour cells in the bone marrow at presentation, treated with the non-amino bisphosphonate clodronate. These patients received daily 1600 mg clodronate orally. Compared to an untreated control group, this group developed a significantly (p< 0.001) reduced number of distant bone metastases (total 21 vs. 42). Furthermore, significantly less patients died in the clodronate group (6 vs. 22 deaths, p>0.001) over the study period [20] . This in vivo effect of clodronate might be explained by a continuous accumulation of the drug in the bone over the whole study period.
However, there are no published clinical data to date on the use of biphosphonates in the treatment of primary bone tumours.
Therefore, the aim of this study was to confirm the option of a treatment alternative in the therapy of chondrosarcoma. However, to determine the human in vivo cytotoxic potential of bisphosphonates on chondrosarcoma it is important to learn which concentrations can be reached in the bone. In the literature this question has not been sufficiently answered yet. As is known from bishosphonates pharmacology, once incorporated in the blood stream the bisphosphonates are rapidly cleared from the circulation and accumulated in the bone. Bisphosphonate concentrations of several hundred μM in human bone are estimated, but there are few studies showing the bisphosphonate concentration in the resorbtion lacunas. Sato et al., for example, showed a concentration of 300 μM of alendronate in the resorbtion lacunas in rat bones. Transferred to human bone they estimated alendronate concentrations range between 100 and 1000 μM [23] . Similar concentrations should be estimated for other bisphosphonates as well. In our study, even the clodronate showed significant cytotoxic effects on the chondrosarcoma cells in these concentrations, though much less than the zoledronate. Despite the bisphosphonate concentration reached in the bone, an even more important question will be which concentration could be reached in vivo in the tumour itself. Most malignant bone tumours induce an osteolytic destruction of the surrounding bone triggered by an activation of the osteoclasts through cell mediators produced by the tumour cells [24] [25] [26] [27] . Therefore, it could be assumed that bisphosphonates previously deposited in the bone or incorporated in the osteoclasts should lead to effective bisphosphonate concentrations in the tumour and its environs.
As regards this lack of evidence, further in vivo studies are necessary to investigate whether sufficient bisphosphonate concentrations can be achieved in the bone and the tumour itself and to confirm the in vivo effect of the bisphosphonate on the chondrosarcoma concerning the cytotoxic properties shown in this study. On this issue, Gouin et al. [28] confirmed a positive effect of zoledronate in chondrosarcoma bearing rats. They observed a prolonged overall survival probability in a curative setting and a delay of local recurrences and a smaller tumour volume in a palliative setting in animals treated with zoledronate compared to an untreated control group. However, they did not measure the biphosphonate concentrations reached in the bone or the tumours themselves.
Conclusion
In conclusion, our study provides strong evidence that bisphosphonates used in a dose-dependent manner in vitro directly affect the growth of the two chondrosarcoma cell lines. However, more research and further preclinical studies are necessary to confirm the potential clinical use of bisphosphonates on chondrosarcoma in humans.
